The synthesis and characterisation of two terpyridine based ruthenium/palladium heteronuclear compounds are presented. The photocatalytic behaviour of the Ru/Pd complex containing the linear 2,2′:5′,2′′-terpyridine bridge (1a) and its analogue the non-linear 2,2′:6′,2′′-terpyridine bridge (2a) are compared together with the respective mononuclear complexes 1 and 2. Irradiation of 1a with visible light (e.g., 470 nm) results in the photocatalytic generation of dihydrogen gas. Photocatalysis was not observed with complex 2a by contrast. A comparison with the photocatalytic behaviour of the precursors 1 and 2 indicates, that while for 1a the photocatalysis is an intramolecular process, for the mononuclear precursors it is intermolecular. The photophysical and electrochemical properties of the mono-and heterobinuclear compounds are compared. Raman spectroscopy and DFT calculations indicate that there are substantial differences in the nature of the lowest energy 3 MLCT states of 1a and 2a, from which the contrasting photocatalytic activities of the complexes can be understood.
Introduction
Hydrogen is widely perceived to be one of the primary fuels of the future, in particular for the transport sector because of its exceptionally high energy-density/mass ratio. One of the most promising approaches towards the generation of hydrogen in an environmentally friendly and sustainable manner is the use of molecular photocatalysts that utilise visible light to drive proton reduction. Such systems are comprised of a light-harvesting antenna that can donate electrons to a catalytically active centre via a bridging ligand. Due to their exceptional photophysical and redox properties Ru(II) polypyridyl complexes are an excellent choice as the light harvesting centre 1 while Pd(II) or Pt(II) are often the metal of choice for the catalytically active centres. 2 Alternative combinations already reported are the combinations of Re/Co, Ru/Pd, Ru/Pt, Os/Rh, Ru/Rh, Pt/Co and Ir/Rh. 3 The perception that intramolecular electron transfer from the light harvesting centre to the catalytic centre via the bridging ligand has stimulated the search for suitable bridging ligands. However, changes to the peripheral ligand can influence the catalytic properties of the assemblies also. 2b,4 In this contribution two new Ru(II)/Pd(II) heterobinuclear metal complexes 1a and 2a ( Fig. 1) and their photocatalytic properties with regard to hydrogen production are reported. The complexes are based on terpyridine bridging ligands with the linear 2,2′:5′,2′′-terpyridine bridge (2,5-bpp) used in 1a and the angular 2,2′:6′,2′′-terpyridine bridging moiety (2,6-bpp) in 2a. We show here that 1a (with the linear 2,5-bpp ligand) can catalyse the production of hydrogen while 2a does not. In addition preliminary wavelength dependent studies on the catalytic Fig. 1 Structure of complexes [Ru(bipy) 2 (2,5-bpp)Pd(CH 3 CN)Cl]-(PF 6 ) 2 (1a) and [Ru(bipy) 2 (2,6-bpp)Pd(CH 3 CN)Cl](PF 6 ) 2 (2a) . The mononuclear precursor Ru(II)-complexes are denoted 1 and 2. † Based on the presentation at Dalton Discussion No. 13, 10-12 September 2012, University of Sheffield, UK. ‡ Electronic supplementary information (ESI) available: 1 H NMR spectra, cyclic voltammetry and orbital contributions tables. See DOI: 10.1039/c2dt30948c efficiency suggest that the highest efficiency may be obtained when the lowest energy 3 MLCT states are localised on the bridging ligand.
Results and discussion

Synthesis
The linear 2,2′:5′,2′′-terpyridine ligand was prepared through a Negishi coupling of 2,5-dibromopyridine with 2-pyridylzinc bromide using modified published procedures 5 and obtained with moderate yields. Complexes 1 and 2 were obtained in excellent yields from [Ru(bipy) 2 Cl 2 ]·2H 2 O. Heating 1 and 2 in alcoholic solution at reflux with (NH 4 ) 2 [PdCl 4 ] for several days afforded the heterodinuclear complexes 1a and 2a in good yield.
A key issue is the actual molecular structure of the active compounds. In Fig. 1 the Pd centre is coordinated to the bridging bpp ligand, as well as to a chlorido and an acetonitrile ligand, and elemental analysis supports this structure. However, a tetranuclear structure such as in Fig. 2 is also possible, whereby the acetonitrile is not bound to the Pd(II) centre but is solvent of crystallisation.
The 1 H NMR spectrum of 1a is shown in Fig. S2a , ESI. ‡ The resonance at 2.06 ppm, when compared with related Pd(II) complexes, can be assigned to coordinated acetonitrile. 6 A similar assignment can be made for 2a ( Fig. S2b , ESI ‡). Hence, in solution the structure is most likely to be that shown in Fig. 1 . It is worth noting that the products obtained from the reaction between 1 (or 2) and the Pd(II) precursor are insoluble in a range of solvents except upon addition of acetonitrile (e.g., to acetone) when dissolution occurs. This suggests that the product obtained from this reaction may have the structure as shown in Fig. 2 , but that upon addition of acetonitrile the solvent adduct is formed. For the photocatalytic and electrochemical experiments it is assumed that the molecular structure of the compounds is that shown in Fig. 1 .
Steric interactions between the 2,6-bpp ligand and the bipy ligands results in the pyridine ring not coordinated to the Ru(II) centre sitting out of the plane of the other two pyridine rings (vide infra). 1 H NMR spectroscopy shows that for 1, which contains the sterically constrained 2,5-bpp ligand (Fig. S1 , ESI ‡), and for 1a four sets of bipyridine multiplets (8.64-8.54, 8.15-8.07, 7.95-7.78, 7.48-7.38 ppm) were observed due to the similar chemical environment of all bipyridine ligands. In contrast, up to twelve resolved sets of signals were observed for the bipyridine ligands of 2 and 2a, indicating the different chemical environments that these ligands are in (Fig. S2 , ESI ‡). The chemical shifts of the bridging ligands are similar for all complexes. Assignment of the signals observed was facilitated by deuteriation 7 of the bipy ligands (see Fig. S1 and S2, ESI ‡) and by the use of 1 H COSY NMR spectroscopy.
UV/Vis spectroscopic and redox properties
The spectroscopic and electrochemical properties of the compounds are shown in Table 1 and Fig. 3 . The absorption and emission maxima show only minor changes upon addition of the Pd(II) centre; however, a considerable decrease in emission lifetime is observed e.g., from 442 ns for 1 to 105 ns for 1a. The decrease in emission lifetime, however, is not accompanied by a corresponding decrease in emission quantum yield, which suggests that the coordination of the palladium centre increases the rate of radiative relaxation possible through increased spin orbit coupling effects. A similar observation was made by Sakai and co-workers. 8 This also suggests that the lowest excited states are bipy based for both mono-and heterodinuclear complexes in agreement with transient Raman studies. The DFT calculations suggest however that other excited states with similar energy which are bridge based are also present (vide infra).
The electrochemical properties of the complexes were investigated using both CV (cyclic voltammetry) and DPV (differential pulse voltammetry) in DMF ( Fig. S3 , ESI ‡). In acetonitrile very similar results were obtained. 1 and 2 show well-defined oxidation waves {Ru(II)/Ru(III)} and reductions assigned to ligand based reductions.
Interpretation of the cyclic voltammetry of the heterodinuclear complexes is, in contrast, not straightforward due to the observation of a number of irreversible processes ( Fig. S3 , ESI ‡). The data obtained for 1a and 2a were compared with those obtained for 1, 2 and [(2-phenylpyridine)Pd(μ-Cl)] 2 (3). Compounds 1a and 2a show three oxidative processes, the second wave at ca. 0.84 V for 1a and at 0.78 V for 2a is quasi reversible, while the first and third are irreversible. The irreversible processes are assigned to Pd based oxidations by comparison with 3 ( Table 1) . It is worth noting that the Ru(II)/(III) redox potential does not change significantly upon the coordination of Pd(II). This suggests that the energy of the ground state is largely unaffected. A number of ill-defined processes are observed at negative potentials for both 1a and 2a, and assignment of individual redox couples is therefore not possible. Previous studies of related ruthenium complexes have shown that a 2,5-bpp based reduction generally occurs at more positive potentials than for bipy based reductions. 9 Of particular interest at negative potentials are the Pd(II) based reduction waves. Again a definitive assignment cannot be made, however the least negative processes at −1.67 V (1a) and −1.92 V (2a) are most likely ligand centred reductions. In compounds 1 and 2 a wave is observed at similar potentials, however assuming that this reduction is bpp based, it can be expected that this wave will be at more negative potentials when the ligand is cyclo-metallated.
These UV/Vis spectroscopic and electrochemical data overall indicate that coordination of Pd(II) to 1 (and 2) has only a modest effect and the photophysical properties of the ruthenium centre remain largely unchanged, albeit with a red-shift in the ππ* absorption bands of the bpp ligands to ca. 350 nm. The absence of a substantial change in the absorption and emission maxima and the indication from electrochemical data that the Ru(II) centred HOMO orbitals are unchanged in terms of energy suggest that the primary effect of complexation of the Pd(II) centre is to reduce the radiative lifetimes and to introduce an additional excited state deactivation channel (e.g., energy or electron transfer to the palladium centre).
Photocatalysis
The photocatalytic properties of 1a and 2a were investigated in acetonitrile with the sacrificial reductant triethylamine (TEA) and compared with solutions containing the mononuclear complexes 1 or 2 and [Pd(CH 3 CN) 2 Cl 2 ]. As anticipated no photocatalytic water-splitting, was observed in the absence of water, however when solutions contained 5 or 10 vol% water H 2 was generated with turnover numbers shown in Table 2 . The turnover numbers (TONs) for H 2 production obtained after irradiation at 470 nm for 18 h are given in Table 2 . TONs of up to 130 (16 μmol after 18 h) were obtained for 1a. The time dependence of H 2 evolution by 1a, and 1 with [Pd(CH 3 CN) 2 Cl 2 ], expressed as TON over an 8 h period is shown in Fig. 4 . Remarkably, H 2 production was not observed with 2a.
Photocatalytic hydrogen production was also observed when the catalyst was prepared by mixing 1 with [Pd(CH 3 CN) 2 Cl 2 ] or (NH 4 ) 2 [PdCl 4 ] in situ; however lower TONs were obtained than for 1a under the same conditions. Furthermore the lack of activity of the in situ prepared catalyst over the first 4 h of the reaction and the absence of conversion when [Pd(CH 3 CN) 2 Cl 2 ] was used alone support the conclusion that the H 2 evolution originates from an intramolecular process in the heterodinuclear complex. Furthermore, it is clear from Fig. 4 that the activity is highest in the early stages of the reaction (t < 4 h). Control experiments with the mononuclear precursors 1 and 2 without Pd species present or by mixing 2a with [Pd(CH 3 CN) 2 Cl 2 ] did not show evidence of H 2 production. The formation of colloids for H 2 generation has been discussed by several authors. 10 Since both complexes have comparable binding properties for Pd it seems unlikely that one should act as a precursor for catalytically active colloids while the other does not. Indeed given the greater steric demands that the coordination of palladium places on complex 2a, it would be expected to be this complex that releases palladium more rapidly. This is not the case, however. The formation of a black precipitate is observed for 1/[Pd(CH 3 CN) 2 Cl 2 ] and for 1a under catalytic conditions and suggests dissociation of the palladium. By contrast precipitates were not observed for 2a under the same conditions. It should be noted that the standard mercury test, 11 used to identify the presence of Pd nanoparticles, has previously been found to be inappropriate for these types of complexes. 4 The wavelength dependence of H 2 production by 1a was examined ( Fig. 5) . A maximum TON of 130 with 10% water was obtained close to the maximum absorption (463 nm, ε = 1.33 × 10 4 M −1 cm −1 ) when irradiated at 470 nm (ε = 1.28 × 10 4 M −1 cm −1 ) for 18 h (Table 2) . For other excitation wavelengths the TON decreased according to the absorption spectrum; at 520 nm (ε = 0.21 × 10 4 M −1 cm −1 ), TON = 51; at 590 nm (ε = 0.03 × 10 4 M −1 cm −1 ), TON = 5; and at 630 nm (ε = 0 M −1 cm −1 ), TON = 0. When differences in molar absorptivity are taken into account, the efficiency is higher when excitation is at longer wavelengths, i.e. efficiency is not constant over the visible spectrum.
For heterogeneous photocatalytic hydrogen production with graphitic C 3 N 4 (g-C 3 N 4 ) the catalytic activity follows the absorption spectrum strictly. 12, 13 However, Rau and co-workers, have observed wavelength dependence for the efficiency of the complex [Ru(tbbpy) 2 (tpphz)PdCl 2 ](PF 6 ) 2 where the catalytic activity did not follow the absorption spectrum strictly. 14 The origin of this effect could lie in the involvement of a one electron reduced intermediate state; i.e. excitation of 1a is followed either by relaxation to 1a or reduction of the excited complex by TEA to yield 1a − . The absorption spectrum of this species would be expected to be substantially different and hence the second excitation, if rate limiting, will depend not on the spectrum of 1a but on the one electron reduced 1a − . Alternatively, recent studies on related iridium compounds 3j indicate that the efficiency of hydrogen formation may depend on the nature of the excited state populated as also suggested in ref. 14. These latter investigations on a tpphz based photocatalyst utilised laser excitation sources with a constant photon flux. This is technically not easily accomplished with LED excitations. More detailed studies into these observations are necessary especially with more accurate excitation sources in order to obtain more detailed information.
Raman spectroscopy
Resonance Raman spectroscopy has proven to be a powerful tool in the association of electronic absorption bands with individual ligands, in particular metal to ligand change transfer bands in Ru(II) polypyridyl complexes. 15 In addition the use of nanosecond pulsed lasers can provide information regarding the nature of the lowest electronically excited states. 16 This technique was therefore used to further investigate the electronic properties of the hydrogen producing compound 1a and its precursor 1. The excitation wavelengths used to record these spectra are shown in Fig. 3 . The (non-resonant) Raman spectra of 1 and 1a are shown in Fig. 6 . For both compounds Raman bands typical of 2,2bipyridyl ligands are present at 1604, 1556, 1487, 1317, 1274, 1173, 1108, 1039, 1028, 766, 662 and 646 cm −1 , 17 however, in each case additional bands were observed that can be ascribed to the 2,5-bpp and orthometallated 2,5-bpp − ligands, respectively. For 1, bands assignable to the 2,5-bpp ligand are evident at 1604, 1590, 1505, 1474, 1435, 1377, 1324(sh), 1302, 1234, 1030, 991, 805, 678 and 649 cm −1 . For 1a the bands are shifted View Online compared with 1 as expected due to the deprotonation of the 2,5-bpp ligand and are at 1599, 1581, 1499, 1466, 1312, 1283, 1250, 1109, 1027 and 1016 and 647 cm −1 . Of particular interest, with regard to the discussion of the resonance Raman data below, are the bands at around 1490 cm −1 , as the bands of the 2,5-bpp and (−H)2,5-bpp − ligands are of comparable intensity to that of the bipy ligands. Importantly, however, it is clear from the non-resonant Raman spectra that vibrational modes of the 2,5-bpp ligand can easily be distinguished from those of the bipy ligands and that the vibrational modes of the bpp ligand change considerably upon orthometallation by the palladium.
The electronic absorption bands observed in 1 and 1a at 355 nm are absent in [Ru(bipy) 3 ] 2+ and are therefore tentatively assigned as 2,5-bpp and 2.5-bpp − π-π* transitions, respectively. This assignment is confirmed by the resonance Raman spectra recorded at 355 nm ( Fig. 7 and 8 ) in which bands assignable to the 2,5-bpp and 2,5-bpp − ligands are observed and the wellknown bipy modes are completely absent.
Of particular interest in the present study is the nature and localisation of the 1 MLCT transitions present in the visible region since they are expected to be heavily involved in the photocatalytic process. Although the relatively strong emission observed for both 1 and 1a precludes acquisition of spectra at the longest wavelength absorption available (e.g., 532 nm), good quality resonance enhanced Raman spectra could be obtained at 450 and 473 nm, which represent the maximum and red shoulder of the 1 MLCT absorption manifolds. For 1, bands assignable to a bipy based ( 1 MLCT bipy ← GS) (where GS is ground state) absorption could be observed at 1605, 1560, 1490 cm −1 with no significant resonant enhancement of the 2,5-bpp modes. This suggests that for this compound the red side of the MLCT manifold is dominated by bipy based transitions. In stark contrast, for 1a excitation at both 450 and 473 nm showed strong contributions from modes originating from both the bipy ligands and the 2,5-bpp − ligand, with the 2,5-bpp − modes dominating the Raman spectrum when excitation was at the red edge of the absorption manifold (i.e. 473 nm), Fig. 8 . This indicates that for Resonance Raman spectra obtained with pulsed rather than continuous wave excitation at 355 nm can potentially provide further information as to the nature of the lowest 3 MLCT excited state as shown in Fig. 9 and 10 . For 1 and 1a the strong resonance enhancement of Raman scattering from the 2,5-bpp ligand (vide supra) means that the spectra obtained with pulsed excitation are dominated by ground state modes. Nevertheless, comparison of spectra obtained at 355 nm using CW and pulsed excitation shows the appearance of bands characteristic of the bipy anion radical 17 and hence although significant population of a 2,5-bpp based 3 MLCT excited cannot be excluded, it is clear that the lowest 3 MLCT manifold also involves bipy based 3 MLCT states.
Computational studies
The data described above confirm that the Ru/Pd complexes 1a and 2a have different catalytic behaviours. High level DFT calculations were carried out to further investigate the electronic properties of the complexes. The geometries of complexes 1, 1a, 2 and 2a were calculated as minimum structures and the IEF-PCM formalism was used to model the influence of the solvent acetonitrile (for details see Experimental part). Although the singlet states of Ru(II) polypyridyl complexes can be reasonably well described by the popular B3LYP functional (20% Hartree-Fock exchange) it failed for the calculation of the lowest energy triplet states. We thus tested three τ-dependent functionals with varying Hartree-Fock contributions, namely, M06-L (0%), M06 (27%) and M06-HF (100%). 18 M06-L and M06 were successfully applied for the modelling of the lowest energy triplet state of 1a and 2a but M06-HF failed. M06 was then chosen for the re-calculation of the singlet states and also for the modelling of the singly reduced doublet states, since the M06 results give a more delocalised picture. It is worth noting that the calculations are sensitive to the chosen functional and hence great care must be taken. A comparison of selected calculated and experimental bond lengths is given in Table 3 and the structures of the calculated complexes are given in Fig. 11 . The differences due to the metallation and the different structures of the bridging ligands were studied by comparing the calculated geometric parameters of the dinuclear complexes 1a and 2a with each other as well as with their mononuclear counterparts. In agreement with the UV/ Vis absorption data, the 2,5-bpp ligand of 1a can be considered as a pyridyl substituted bipyridine with electronic communication between the two parts. In contrast the 2,6-bpp ligand can be viewed as a bipyridine in which there is little communication with its pyridyl substituent. This is due to the geometric distortions discussed above and is apparent in the results of the calculations (Fig. 11) . Delocalisation of bridge based molecular orbitals is not hindered by the metallation of the central pyridine ring. Comparison of the M06 geometries of 1 and 1a as well as 2 and 2a revealed no induced alteration of the bridging ligand bond lengths on addition of palladium. Analysis of the charges on each atom also shows that the presence of palladium does not result in changes except for the metallated carbon atom having a more negative value. In summary, the charge of the cyclo-metallated carbon is localised and the electronic properties of the bridge remain mainly unchanged. The only exception is the metallation induced planarity of the 2,5-bpp-bridge of 1a that allows for greater delocalisation of bridge-based orbitals and hence a red shift of transitions that have significant contributions from the bpp ligand. The geometric distortion of the 2,6-bppbridge remains in the metallated complex 2a and hence prevents substantial delocalisation of bridge based orbitals. The out of plane nature of the 2,6-bpp bridge leads to larger Ru-N bond lengths varying between 220 pm for the Ru-N(ring-A) and 206 pm Ru-N(bipy) .
The spatial localisation of the molecular orbitals was calculated through a population analysis. Their localisation on a certain part of the molecule is expressed as per cent contribution and given in Tables S1-S6, ESI. ‡ The calculations indicate that the localisation of the SOMOs in the triplet states of 1a and 2a differ from the localisation of the LUMO of their singlet states. However, the LUMO of the singlet state and the SOMO of the mono-reduced doublet state have a similar spatial localisation.
Analysis of the frontier orbitals of the singlet ground state of 1 1a and 1 2a shows the expected electronic configuration. The three highest energy occupied orbitals (HOMO-2-HOMO) are localised on the Ru(II) centre ( Fig. 12 and Tables S1-S6, ESI ‡). The LUMO is a bridge based orbital while L+1 and L+2 are localised on the bipy ligands. This is in agreement with resonance Raman results that show electronic transitions to the bpp ligand at lower energy than the electronic transitions to the bipy Fig. 11 Presentation of the optimised structures of (a) singlet-1a and (b) singlet-2a. The angular nature of the 2,6-bpp bridge leads to larger Ru-N(py) bond lengths. a Average values.
ligands. The lowest energy triplet states are assumed to be the emissive state and were calculated as fully relaxed minimum structures, thus the energy difference between the triplet and the singlet state should match the E 0-0 emission energy. Indeed, the M06 SCF energy difference (ΔSCF = SCF (Triplet) − SCF (Singlet)) for 1a is 15 481 cm −1 (646 nm), which is only a slightly longer wavelength than the actual emission maximum, λ em = 15 748 cm −1 (635 nm). The M06 ΔSCF energy of 2a is 10 633 cm −1 , which is much lower than the experimentally determined emission (Table 1) , which precludes a detailed comparison between theory and experiment in this case. Analysis of the localisation of the two unpaired electrons of 3 1a and 3 2a reveals several interesting differences. The highest energy singly occupied molecular orbital (SOMO) of 3 1a is located on the bridge while for 3 2a it is localised on the ruthenium centre ( Fig. 12 and ESI ‡) . The SOMO-1 of 3 1a and 3 2a are both delocalised on the Pd centre and the bridging ligand. These results are surprising as it would be expected that the triplet state SOMO (of highest energy) would resemble the singlet state LUMO. It is furthermore surprising that the ruthenium centre of 1a makes only negligible contributions to the SOMOs. The one electron reduced complexes are possible candidates for the resting state during the catalysis and may be formed via excitation followed by reduction from the sacrificial donor or direct one electron reduction in an electrochemical experiment. We modelled the minimum structure of the species 2 1a and 2 2a having a net charge of +1 and a multiplicity of 2. Both, 2 1a and 2 2a were calculated with the M06 functional showing a delocalisation of the unpaired electron over the whole bridge for 2 1a and a delocalisation over the central pyridine ring and the Pd-bound pyridine ring for 2 2a (Tables S5 and S6 , ESI ‡). This suggests that the first reduction is indeed a bridge based process as discussed above.
Conclusions
In the present contribution, the importance of the structure of the bridging ligand to the effectiveness of heterodinuclear Ru/Pd complexes is demonstrated as is the potential of a system in which an intramolecular approach is taken with regard to combining a light harvesting component and a catalyst within the same molecule. This approach contrasts with the more widely used approach where these functions are carried out by distinct components.
In the present study the photocatalytic ability of two structurally and electronically similar complexes are shown to be very different and that the activity of 1a is not due to the formation of nanoparticles or other palladium species. However, the nature of the actual catalytically active species remains elusive. The origin of the differences in catalytic ability of 1a and 2a may be related to the localisation of the LUMO since the first step in the catalytic cycle involves the formation of a one electron reduced complex. In 1a the LUMO is mainly based on the bridge according to DFT calculations and furthermore the triplet excited state is based on the bridging ligand with only a minor contribution on the Ru centre. By contrast for 3 2a this orbital is mostly based on the bipy ligands and the Ru centre. This latter arrangement is not as favourable for electron transfer as that observed for 1a. Although excited state lifetimes do not correlate with hydrogen production the short excited state lifetime of 2a may also be a possible reason for the absence of catalytic activity. 3g Future studies will focus on the preparation of less labile complexes, the use of less corrosive sacrificial agents or ultimately their elimination by the developing surface bound assemblies.
Experimental
Reagents for synthesis were purchased as reagent grade and were used without further purification. 2,2′:6′,2′′-terpyridine (2,6-bpp) was obtained commercially and used as received.
Synthesis and characterisation
2,2′:5′,2′′-terpyridine (2,5-bpp) was synthesised using the procedure of Kozhevnikov et al. with modifications. 5 Pd(PPh 3 ) 4 (0.3 g, 0.26 mmol) and 2,5-dibromopyridine (1 g, 4.22 mmol) were added under a nitrogen atmosphere to a dried two neck round bottom flask. The mixture was cooled to 0°C in an ice bath and a 0.5 M solution of 2-pyridylzinc bromide in tetrahydrofuran (19.5 cm 3 , 9.75 mmol) was added via syringe. The temperature was kept constant at 0°C during addition. Subsequently the reaction mixture was stirred for 12 h at room temperature under a nitrogen atmosphere and a white precipitate formed. The reaction mixture was poured onto 200 cm 3 of a saturated aqueous solution of EDTA and Na 2 CO 3 and stirred until the precipitate dissolved and a yellow precipitate formed. The aqueous solution and the precipitate were extracted with dichloromethane and the combined organic phase was dried over MgSO 4 . Removal of the solvent in vacuo yielded the crude product which was purified by column chromatography (neutral alumina, hexane-ethyl acetate (9.5 : 0.5 v/v), TLC: R f = 0.15). Yield: 0.5 g (51%). 1 This journal is © The Royal Society of Chemistry 2012 before and after measurements were recorded to verify that photo-decomposition did not occur during the recording of Raman spectra.
Calculations
All calculations were carried out with the Gaussian 09 program suite. 22 The compounds 1, 1a, 2 and 2a were optimized using the M06 functional. The MWB28 23 basis with an effective core potential was used for the heavy Ru and Pd atoms while 6-31G (d) was used for the remainder. Tight convergence criteria were applied for the geometry optimization process and local minima were confirmed by a frequency calculation. All calculations were carried out in the presence of a solvent sphere, which was modelled by the IEF-PCM 24 method in acetonitrile (ε = 35.688000). Orbital contributions were calculated by a Mulliken population analysis and evaluated using GaussSum. 25 
Photocatalysis
All manipulations were carried out under strictly anaerobic inert conditions. Acetonitrile was dried over calcium hydride and triethylamine over sodium according to common procedures and freshly distilled under nitrogen prior to use. Photocatalytic hydrogen production experiments were carried out using a home-built air-cooled apparatus (at 22°C) under constant irradiation (LED 470 nm) of the sample. For the photocatalysis experiments 2 cm 3 of the sample solution were added to GC vials (total volume 5 cm 3 , diameter 13 mm, 3 cm 3 headspace) in the dark and under a stream of nitrogen. The vials were closed with gas-tight septum caps. A typical sample solution was prepared by mixing 0.65 cm 3 of a 1.8 × 10 −4 M Ru/Pd complex in acetonitrile, 0.6 ml of triethylamine, 0.0-0.2 ml (0-10 vol%) of thoroughly degassed water and 0.55-0.75 ml of anhydrous acetonitrile. Subsequently, the GC vials were irradiated at 470 nm using an LED for 18 h. After irradiation, 20 μl samples were drawn from the headspace with a gas tight syringe (50 μl, SGE Analytical Science) and determined by GC, a Varian CP3800 chromatograph, with a thermal conductivity detector and a CP7536 Plot Fused Silica 25 MX 0.32 MMID column (length 25 m, layer thickness 30 μm) with nitrogen carrier gas ( purity 99.999%). The GC was calibrated using 100% hydrogen gas. The obtained signal (retention time for H 2 = 1.58 min) was plotted against the calibration curve and multiplied accordingly to determine the total amount of hydrogen in the headspace. The LED-torch consists of a stick-shaped printed board (19 × 1 cm) with 30 blue LEDs (Kingbright, type L-7113PBC-G, 470 ± 20 nm) with a luminous efficiency of 2000 mcd per LED. LEDs are soldered closely on front and backside in a range of 9 cm. The torch was then placed within the home built reactor. The utilised LED excitation sources have comparable but different light intensities measured in candela, however the candela unit is not linear but has to be referenced to the CIE eye sensitivity function, V(λ). This sensitivity function has a nearly Gaussian distribution with maximum sensitivity at 555 nm and steep tails to approximately 370 nm and 760 nm. As a consequence the photon flux of a 470 nm LED and a 520 nm LED with similar candela strength is different [International Commission on Illumination (usually abbreviated CIE for its French name, Commission Internationale de l'éclairage), 1978]. For wavelength dependent catalysis the GC vials containing the catalytic solution were irradiated with High Power LEDs with a diameter of 10 mm and constantly cooled to room temperature as described above. The manufacturer's data of the LEDs used are as follows: 470 nm LED: I = 5 lumen, 20 000 mcd; 520 nm LED: I = 15 lumen, 50 000 mcd; 590 nm LED: I = 8 lumen, 32 000 mcd; 630 nm LED: I = 9 lumen, 20 000 mcd. Analysis of the catalytic activity by GC was performed as described above.
